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I. IhTRODUCTlON
One of the possible purposes of power line communication is the transfer of data concerning the condition of the Medium Voltage 0 grid. For fuhlre intelligent MV grids data concerning the state of equipment, momentary load-flow, etc. must be transferred between substations within the grid. More specifically, the authors' interest involves transmission of diagnostic data kom on-line Partial Discharge (PD) measurements obtained at both cable ends [I] . Linking the data from both sides allows accurate PD localisation, but requires information transfer, e.g. by using the cable connection itself. Although commercial communication equipment has hecome available, it is not expected to cover a major part of the Mv grid in the near future. An on-line PD detection and localisation system therefore should preferably include a communication device. For the present purpose the amount of data is not expected to be a decisive issue, and in principle the pan standard EN50065) allows a sufficient data transfer rate. In contrast, widespread Internet application via the MV grid is unlikely due to the carrier frequency restrictions.
The main obstacle to use MV cables for communication is related to the coupling into the grid. In this respect the situation is completely opposite to power line communication over the low voltage grid, where coupling is relatively easy but cable branching and connected loads are responsible for severe signal attenuation. MV cables are shielded structures except for the connections in substations. There, the signal can be coupled to the grid basically in two ways:
-Capacitive coupling requires a high-voltage capacitor connected to one of the phase conductors. This complicates installation, especially on a life circuit.
-Inductive coupling does not require galvanic contact with the phase conductors. However, a suitable injection site must be available.
A short survey of systems used in MV substations in The Netherlands showed that for the majority of the substations, one can couple a signal into or out off the cable by placing a coil either around the phase conductor at a cable end (where the earth screen is still present), or somewhere around the earth connection nearby the cable. An inductive coupling scheme as described above is basically a weakly coupled transformer where the secondary side consists of the cable and some terminating impedance, Fig. 1 . For inductive coupling this impedance is essential since the circuit must close both at the transmitting (index 1) and at the receiving (index r ) end. Either another cable connection or the impedance of a MV transformer (or both) can serve as termination impedance .&p For inductive coupling this impedance is preferably low. In contrast, this impedance should be high for capacitive coupling because it acts as a load for the transmitter. The coupling strength for both methods increases at higher kequencies.
In this paper the load of a typical distribution transformer, and the transmission of signals along a 4km three-phase belted cable are studied in the kequency range of the CENELEC A-band. The effect of the termination impedance is studied in order to compare various (combinations 04 coupling schemes. The performance of the MV cable as communication channel depends on the power density of the noise within the communication bandwidth, e.g. 121. The coupling location determines to a large extent the noise spectrum [3] . 11. TRANSMISSION LINE DESCRIPTION The relevant impedances for a three-phase belted paper cable and for a symmetrical load (e.g. a transformer) are schematically shown in Fig. 2 . With this symmetry the impedances of both cable and load can be described by only two (complex) parameters namely the impedance between the phases (indexfi and the impedance with respect to ground (index g). Two modes of signal coupling can be distinguished -Shield to phase mode (SP): the signal is injected in the three phases, and the return path is the ground connection (or vice vena). The current loop is closed by impedances between the phases and ground, as indicated in Fig. 3a .
-Phase to phase mode (PP): The signal is injected in one phase and the two other phases serve as return conductors, see Fig. 3b . Also the ground connection can be a return path for the injected signals (additional SP component). The set of equations (1) relate the applied input current Io (inductive coupling) or input voltage VO (capacitive coupling) to the output current I,,,, (inductive coupling) through, or output voltage Vou, (capacitive coupling) over Z,. In (1) it is assumed that the self-induction of the input and output circuits are negligible, and that the impedance of C, is high with respect to the cable impedance. The voltage reflection coefficient p and transmission coefficient 7 are defmed by:
The four factors (separated by dots) in (I) can be interpreted as (i) the coupling strength at the input, the transmission factors at (ii) the transnritter and (iii) the receiver side, and (iv) a factor describing the signal propagation delay including attenuation, dispersion and (multiple) reflections. For simplicity, we will consider the circuit effectively as a two-conductor transmission line, avoiding the introduction of matrices to describe the effects at the cable ends The actual detected voltage, either capacitively ( Vmp) or inductively (V,d), depends on details of the detection circuit, which are not included in (1). For capacitive coupling the receiver used did have a high input impedance and did not load the system. For inductive coupling the detection circuit was a resonant circuit around a chosen detection fiequency w, with quality factor Q. The transfer fimctions at the injection and detection side are summarised in Table I. III. RESULTS FOR A 400 KVA TRANSFORMER The impedances arising in Fig. 2 and 3 are determined for a 400 kVA, lOkV/380V cast resin transformer using a vector impedance bridge (HP4274A). The impedance Z, fiom phase to ground is described as a (stray) capacitance C,. The impedance between two phases is modelled as an inductance L,parallel to a stray capacitance C , Inductance Lporresponds to the equivalent inductance of the primary coils. The value will depend on the load at the low voltage side. Therefore, the impedances were measured both with the low voltage side open and short-circuited. The results for two of the tested configurations are shown in Fig. 4 : (a) impedance between three connected phases and ground (compare Fig. 3a) , and (b) impedance between one phase and ground with the other phases floating (compare Fig. 3b) . The slope of -1 for the absolute impedance together with the argument equal to -90" in Fig. 4a indicates a capacitive behaviour over the full fiequency range. In Fig. 4b LC-resonances fiom the capacitances with the coil inductance are present. Since the equivalent inductance depends on the situation at the low voltage side (open or short circuit), the resonance frequencies are different for both extreme situations. At the resonances the argument switches suddenly between -90" and 90" because the resistive losses are negligible.
The curves in Fig. 4 are fitted using the following parameters: C,=315 pF, C~2 6 0 pF, and L,=17 H or 0.086 H depending on the low voltage side load. Although the transformer had in fact a linear coil arrangement, the description according to the symmetry of Fig. 2 gives good results. The three coils are equal and apparently the parasitic capacitive coupling is similar, probably because it is mainly determined by the capacitance between coils and core. For fiequencies above about 50 kHz the transformer behaves like a capacitor under all conditions. The total impedance by which the transformer loads a cable according to either the SP or PP scheme of Fig. 3 , taking the various parallel channels into account, conesponds to a value close to 1 nF. For oil-insulated transformers in a metal enclosure a higher capacitance is expected. Moreover, the capacitance of the @ansforma connections must be included. The value of 1 nF can probably be considered as a lower limit.
1V. TEST ON A 4 KM MV CABLE CONNECTION
A 4 km three-phase belted PlLC (Paper-Insulated LeadCovered) cable connection near Vessem in The Netherlands was used to study the signal transmission properties. The cable was loaded at both sides with various impedances, resistive as well as capacitive, to mimic different substation configurations. Inductive coupling was performed using an air coil with a mutual inductance of 1.86 pH; a 2 nF capacitor was used for capacitive coupling. A carrier wave was injected between one phase and ground with the second phase grounded, and the third phase floating (due to lack of space for yet another ground connection). In Fig. 5 details of the experimental arrangement are shown. In order to characterise a three-phase load, the termination impedances were chosen such that they simulate the situation for three-phase operation. The results obtained at a frequency of 80.5 kHz are shown in Fig. 6 for the four possible combinations of inductive and capacitive coupling. The lines indicate the calculated responses according to (1) and the coupling strengths from Table I using the following assumptions:
-Skin effect determines the signal attenuation a(w), the real part of the propagation coeficient Hw). The attenuation therefore is proportional to .io.
-Attenuation over 4 km cable is sufficient to neglect the effect of reflections back and furth the cable. The denominator in the last factor of (1) can therefore be set to 1. This results in two h e parameters used for curve fitting in all situations tested (also at other kequencies), namely the cable characteristic impedance which was taken 40 Q, and the attenuation factor a(o)t which was described by 0.0OlOxdm (a in 8). The model describes the experimental data well, except for some deviation in case of the 1 nF termination when the signal is inductively coupled. This may be ascribed to neglecting the impedance of the measuring cable connecting the termination impedance. The results basically show the importance of the cable termination: inductive coupling gives rise to relatively high signal levels only when the termination impedance is low, whereas for capacitive coupling high impedances -Inductive coupling to the connection between earth screen and ground (top). Safe installation without disrupting the power is possible here. However, besides the differential mode (DM) current which involves the signals of interest, a common mode (CM) current is detected which only contains interference from the outside world.
-Inductive coupling to the conductors (bottom). If the coupling takes place past the last earth connection, only the DM current is detected. For safe installation the cable screen must still be there. For a large fraction of installations used in The Netherlands this can be realised as shown in Fig. 8 . The noise power spectrum density functions in Fig. 7 clearly indicate that coupling to only the DM channel is strongly preferred if it is technically possible. The noise level is about 20 dB better compared to the channel also containing CM in the carrier frequency range allowed within the present standards.
VI. COUPLING EFFICIENCY
Since transformers tend to behave as a capacitor in the frequency range of interest, it i s expected that inductive coupling becomes more competitive with increasing 6equency. In Fig. 9 the theoretical behaviour of (1) is plotted in the frequency range from 10 kHz to 1 M H z using the parameters determined in section IV. Hereby it is assumed that the main cable losses are caused by the skin effect and the transformer can still be described as a capacitor. However, it can be expected that dielectric losses in the cable start to become important, and also the bansformer may sbow some resonances [5]. The impedances applied at both cable ends were chosen equal: 1 nF, lOnF and 100n. The bold horizontal line elements, indicating the detection level of the transmitterireceiver used, should only be considered as indicative, since the performance depends on technical details of the equipment, which can be optimised further for the coupling method used.
From the results it can be concluded that capacitive coupling clearly performs better in the sense of signal level.
However, as argued in section I, inductive coupling may be preferred, because it does not require galvanic contact with the phase conductors. Inductive coupling on both sides within the CENELEC A-band may be problematic, especially when only transformers terminate the cable. However, there will often be another cable as part of the termination circuit resulting in a more favourable injection circuit. The ratio between efficiency of inductive and capacitive coupling for a cable terminated by transformers at both ends is given by:
Inductive couplmg therefore would profit strongly from higher frequency bands available for power line communication. Also, using coils with magnetic cores is an option to improve the coupling strength, but this will complicate installation and is relatively expensive (and the coils should not saturat€ Frequency ( k k ) Fig. 9 . Extrapolation of the response according to (I) up to I MHz for the coupling schemes at different load conditions at both cable ends. The symbols are obtained from the measured data and serve as "calibration" points for the theoretical curves. 
